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Abstract, lJsing resLIlts from a tinlc-de.pcndcnt photoehcnlical  model to calculate the cliurnaJ variation of NO and NO1, we

have corrcclccl Atmospheric I’race MOlccule Spedrcrsccrpy (A1’MOS)  solar-occultation retrievals of the NO ancl NOZ

abundances at 90° solar zenith ang,le.  Neglecting to a(ijust for the rapicl variation of these. gases across the terminator re-

sults in potential rxmrs ia retrieved profiles of -20% for N02 ancl greater than 100% for NO a[ altitudes below 25 km.

Sensitivity analysis indicates that knowledge of the local Os and tmpcratm profiles, rather than mal mean or clin~a-

tological conditimm of these quantities, is required to ob[aia reliable retrievals of NO and NC)Z in die lower stratosphere.

Mixing ratios of NO in the mid-latitude., lower stratosphmc  lneasured  by A1’MOS  during the November 1994 All AS-3

mission compare favorably with in situ I~R-2 observations, ploviding strong corroboration of the. reliability of the adjustccl

space-bomc nmasurcnmts.
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lntroducl  ion

“l’he rapid temporal variation in the concentrations of NO and N02 at sunrise ancl sunset, if not properly accounted for,

will produce errors in the retrieval of these gases from solal -occultation nleasumncnts [Kerr ef al., 1977; Boughner  et d.,

1980; Roscoe  fmd We, 1987; Russell et al., 1988]. Wc de.nmstrate that the correction for tmpcmal variation is suffi-

ciently sensitive to profiles of temperature and 03 that local values of these quantities, ralhcr than renal or climatological

means, are necessary to return accurate profiles of NO and NOZ. A coincidence bet wecn ATM(N  ancl the NOAA NO-NOY

sensor on the I R-?, during Novcmbe.r 1994 reveals good a~,t m.mcnt bet wcen cormctcd NO profi Ics measure.cl by A’1’MOS

and in situ measurements in the lower stralosphct-e.

Sensitivity of correction factors to adopted paranmtcrs

‘l’he variation of’ NO and NO~ near the terminator is govcmml  pritnarily  by the reactim of NO with Q and by the phm

tolysis  of NOZ. Hence, accurate knowledge of the local values of 03, temperature (due to the tetnpcraturc dependence of

NO -t 03), and the radiation field is requirecl to calcula(e the variation of NO and NOZ across the termirlator.  We used the

Caltcch/JI’l, one-d itnensional,  til~le.-(lc~~ct~dcl~t  photochc.rnical  mode.] [A/leu aurl l)elitsky,  1990, 1991 ] to calculate the di-

urnal variation of NO and NOZ. As a validation of our nKKICl  calculations, we compared the con~puted  variation of NO and

N02 with observed cliurnal variation at sewml att iludcs and geophysical conditions [Kmdo et d., 1989, 1990; K(IW et

d., 1990; Web.r/cr  et a/., 1990]. in all cases, the agrectnc.nt was very goocl. liot’ example, l;igure 1 shows a comparison of

NO nleasuremcnts at 20 km [Krnw  d al., 1990] with the. mults of the nmdcl constrained by the measurements of Os and

temperature simultaneous with NO. With both model results and meaw-emcnts  normalized by the volume mixing ratio

(VMR)  at solar mnith angle, (S7,A) of 90°, the agreement is cxcellcnt. ‘1’hc accuracy with which the model calculates the

relative variation of NO and NOZ is the critical elemnt  for correcting solar-occultation retrievals. We calculated factors

describing the diurnal variation of NO and N02 relative to the values at SZ,A=  90° (either sunrise or sunset) at 0.010 incre-

ments ancl suhscqucntly  smoothed to 0.10 increments for usc in the A1’MOS  onion-peeling reduction algorithm [Norkm

and A!ittslmd,  1991] following the mcthodrdogy of Murmy  et al, 11978] and Rinsland et al. 11984].
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Sample model  calculations show that the variation of NO and N02 at the terminator is not sensitive to assumptions con-

cerning  the local values of NOY , H20, Cl]q, the rates of hetcroge.neous  reactions, or albcclo variation. I’hc semsitivitics to

prescribed 03 and tmpe.raturc.,  hcrwcver, arc large enough  to require using 03 and tctnpcrature n]c.asure.rnents obtained

simultaneously with the NO, (==NO+  N02) nwasurcmcnls  to yield aecuratc, rctricvcd protilcs.  IJor example, an cmrr of +/-

50% in model 03 at all altitudes results in an error in retrieved NO at SZA=90c’ of - 10/-55% [NO] and -I 12/-55% [N02 ]

at ?0 km, Moclcl errors of +/-2S% in temperature result in somwh  at smal hx ret rieval errors. ‘1 ‘hcse. pert u rbat ions et Iconl-

pass potentially real ckwiations  frotu climatolog,ical or renal mean conditions; bowevcr, in the wintc.r vottc.x,  larger  excur-

sions may occur. ‘1’hc sensitivity to uncertainty in the adopted values for model calculations of both 03 and temperature

increase.s with decreasing altitude below 30 km. llecausc of the convolved effects of kinetics, photolysis, and slant-column

geomc.try, however, the sensitivity is not always monotonic in altitu(lc. Sin~uhancous departures in both 03 and ten~pcra-

turc generally compound the resulting error in the gas lmfilc, but not necessarily in a simple fashion. We note that some

solar occultation experiments either ignore the effez.ts of cliurilal variation (e.g., SACill N02 [(.’IIu  and s14cCorttlick,  1986

and Kerr C( d., 1977])  or use a monthly, ~.onal-mean atnm~kre for the comction computation (e.g., IIA1 ,011 NO and

N02 [J. M. Russell 1 II, personal collli~]ltflicatiot~]).

implications for ATM(X retrievals

NO profiles

l~igurc  2a displays the tbrcc retrieved profiles of NO for a typical mid-latitude sunset occultation NJ’1  .AS-3/SSOl  (first

sunset occultation) obtained at 49° N, an occultation with an 03 profile significantly different from tbc zonal-rncan 03, but

with ten~pcratures  similar to the zonal mean. ‘J’hc retrieval that ignores the effects of diurnal variation (denoted NC) is the

10WCSI of the three in the 10 to 30-knl region. ‘l’he re.tricval  that uses corle.ction fttctors from a model employing sin~ultane.-

rms]y  acquire.cl KJ’MOS 03 and te.mpe.raturc profiles (rlelmted I’CI) produces the highest values of NO. A re.tricval using

model results based on zonal-mean  profiles of 03 and tenqwrature  (clcnotcd Z,C) is intermediate to the other NO profiles.

‘J’he  PC retrieval abundances exceed 1 cr NC measurement uncertainties between 16 ancl 18 km and also be.twec.n  24 ancl 30

km. I;igare 2b shows retrieved profiles of NO for sum ise occultation A’1’1  .AS-3/SR09 (sunrise number 9) in tlte srrulhcrn

hcnlisphme vortex. ~’he NC retrieval yiekls roughly 50%1 of the amount of NO at 20 km compared to the }’C retrieval. “J’he

ZC retrieval profile is quite. similar to, and equally inaccurate as, the NC profile. “J’hc failure of the ZC rc(ricval is due to

the extreme zonal variation of 03 ancl tempemture al these. lalit udes, which encompass the polar vortex [Manncy ct al., rhis
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issw].  As shown in the fractional difference between 1’C and NC, the correction e.xccds  the 1-sigma nwasar’cmnt  uncer-

tainty (dotted line) bet ween 16 and 28 kn~. We also used the photoehemical  reconstruction model of Snlmvitch  et cd. [1994]

to compute correction factors and obtained retrieved profiles of NO and NOZ that differ from the. I’C values shown in 1 ‘ig-

urcs 2. and 3 by no more than 20%, significanl]y  less than thr uncertainty of the ATMOS n~easure.n~enl.

Similar analysis of ollwr sunrise and sunset oecuhations  rcweals thal the difference bctwccm 1’C and NC retrievals vary

widely among the oeeultaticrns,  but [hat significant corrections do not occur above 30 km. IICIOW 25 km, tho true NO val-

ucs may be as much as a factor of 5 larger than uncorrec(cd valm. LJnder  some circumstances (e.g., at high ]atiludcs,

72.3° S, in SR68 where the maximum S7,A is only 9 1.7°) the 1’(: profile values arc actually less than the uncorrected pm

file values. No clear differences betwee.m sunrise and sunset co] re.c[ions merge.

N 02 profiles

‘I he effec[ of iglioring the diurnal variation of NC)Z  in the relrirwa}  process is in the opposite. sense an(i of smaller  nlagni-

(UCJC than for NO. I;or cxarnpk,  as illustl-alerl in };i~ule 2C for A“l’MOS/A3’J  .AS-3 SR09, the accurately corrected NOZ

abundances (l’C) are typically 10-20% lower than uncormted amounts (NC), WC]] in excess of the n]e.asurenwnt  uncer-

tainties. Also, the approximate correction, Z,C, is nearly the sarnc as the NC profile. In another case, A’J’MOS/AJ’l AS-3

SS01 (not shown), both PC and K profiles are -20% lower than the NC profile near 20 km. q’hcse  ccrnections are in the

same sense, but of greater magnitude, than previous estinla(es  of approximately 5- 10%  [Kerr d d., 19’?7; h’mw// e/ al.,

1988], Jmssib]y because of differences in time (or SZA) resolution of the model calculations. While the ZC corrections are

typically 0-50% of the J’r2 adjustments, sometimes the X correction cxcecds the I’C adjustment. Above 40 km, wc find

that J’C protilcs  for N02 are typically lower that NC Jmfllc.s (as has been illustrated for the lower stratosphere), but the

corrcctirms (less than 10YO) are smaller than in the Iowcr stratosphere. la addition, the corrections in the upper stratosphere

arc tyJ>ically smaller than the nmasurcnmt uncertainties at those altitudes ancl smaller than one previous estimate [Rus.wl/

ft frl.,  1988].

NO, profiks

‘1’he sum of diurnally corrected NO and N02 amounts does not necessarily equal the sum of uncorrezlecl  NO,. I’his dif-

ference is due to uncertainties in the inversion process; it is not a propc.rty  of the model chmislry,  which does conserve

NOX to better than 3Y. at 20 km, for example. lyJ~icaily, the difference between corrected and uncorrwted NO, profiles

varies by f 15%, roughly the measurement precision at 20 km. “1’his difference diminishes with increasing altitude, ap-
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prcraching zero at 30 km (above which altituclc both NO and N02 corrections bcccrmc insignificant.) Below 20 km, where

both NO and NOZ correct ions increa$e in magnitude, the diflcrcnce bet wecn corrected ancl uncorrected NOX  can bc as large

as 40% in the fcw occultations wc have examined. }Iowcvcr,  tllc absolute magnitude of the ccmecticrn  ciocs not exceed 0.2

ppbv at any altit uclc, a small fraction of the NOY (= NO+NOZ+  i INC)3 + C1ONOZ+  I JN04+  2*N~Os)  budget.

IcR-2 conprisons

Some of the. sunset occultation measurements obtained clutillg the early clays of the AI’MOS  A1’1 AS-3 mission occurred

within 1 day and roughly coincident in space with in situ n~easurcmcnts  of NO on 4 November 1994, during the AS}1OIL

fIvl Al iSA ILR-2 campaign. SS01 and SS24, while respectively 1 clay before ancl 1 clay after the l;R-2 observations on 4

November, yiclclc.d correlations of 03 and NZO very similar to the in situ obscrvaticms [C-%ang et al., this issue]. C%rwg et

al. demonstrate good agrccmcnt  bc.twe.cn A’I’MOS  and in-situ rr~casurcmcnts of correlations between NOY and N20. Itigure

3 illustrates a comparison of the space-borne A1’MOS and in situ n]e.asure.men(s  of NO [l:ahcy e.t al., 1989] as a function of

the long-lived tracer N20 [1 nwcnstcin  et al., 1989] to account for variations in the precursors (03 and NOY)  that regulate

Icvels of NO, in the sampled air masses. I“bc NC A’I’MOS profile values (open symbols) arc shown for reference. We usecl

the photoc.he.rnical  model to acljust the PC profiles (not SIWWJI)  for SS01 and SS24 to account for the change. in NO from

SZA=90°  to the llR-2 solar conclitiom of mid-day at SXA= 72”. “J’hc scaling from 90° to micl-day is approximately a factor

of two at all altitudes reported in figure  3. I’he good agreenmt  between calculated ancl obse.rvcd variatioa in NO with

changing solar illumination illustrated in Figure 1 provides confidence in the. fidelity of the scaling used tc) estimate the

mid-day values of NO from the A1”MOS sunset measurements. ‘l’he. agrccmcnt  bet wccn NO measured by NJ’MOS and the

NOAA NO-NOY  instrument shown in l;igurc 3 is well within the A1’MOS 1-G precision error bars. ‘l’he systematic error in

these nwasuren~cllts is estimated by Gwmm et al. /thi.r issur] to be 5% for NO. ‘1’hc accuracy of the I!R-2 NO n~cawwc-

mcnts is 15%J with precision of 0.02 ppbv.

‘l’he A1’MOS trmpcrat  urcs were approximately 5-10 K lower than the IiR-2 tempcrat m-es at all altitudes. Acljustmcnt  for

this tcmpcralcrrc  difference WOUICI  lower the A1’MOS NO values by approximately 10-30%  duc to the klll}Wra[LlrC dcpencl-

cncc c)f the MC of NO + 03, which increases with increasing tcmpcraturc.  “I”his  acljustme.nt woulcl de.graclc the agrccrnent

somewhat. At the lowest part of dive 2 (pressures F,reatcr than 100n~b),  the ltR-2 encountered higher temperatures ancl

IOWCI-  value.s of NO. ‘1’hcsc  lower NO values cluster arouid  rIn average value of 0.1 ppbv at 280 ppbv N~O. In situ n]cas-

urcmcnts  with temperatures greater than 223 K are t]l~rel>rc.sctltati~’e  of the comparable air mass and, therefore, arc not
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s}tcswn  in l@rre  3. IFive points of the low-NO cluster remain it) Figure 3. 12-IJay back trajectory calculations i nit ialimi  at

420 and 465 K indicate that air at the locations of SS01  aod SS24, and at a nuti~ber of }iK-2. n~casurcmcnt  locations, has

similar hism-y, having bc.cn drawn into mid-lati(udcs  from the subtropics. }Imvcvcr,  at 465 K, air fmm some of the NX-2

measurement locations cmparcd  here, appears to have cornc from mid-latitudes around the dcvekrping vortex. A more

wrmplctc comparison of spaceborne and in situ mcasurcn]eids  of NO requires accounting fbr the latitude and tcmpcraturc

hislories of the air parcels, an analysis beyond tbc scope of this paper.

conclusions

Adjustments to NO profiles retrieved from solar-occultation crbscrvations for the effects of rapid abundance variation

near the terminator bccomc significant below -25-28 km, typically 100-200%, but sometimes as large as 500V0.  I’he ad-

justment to NOj solar-occultation profiles is smaller thar)  fcw NC); the adjustment bccomcs significant below --30 km and is

-20% at 20 km (wcII  in excess of the 5-10% estimate cmctdly  acccpte.d.) ‘1’hcsc  rcsttlts  LISC model calculations adopting

profiles for 03 and tcmpcraturc n]casured  simoltancously  with the NO ancl NOj observations. Adjus[mcnts  to the NO and

N02 retrievals using model calculations initialized with mna] mean or clirnatological  03 and temperature profiles may bc

quite. different (and erroneous). NOX profiles based on the sum of cmvected  rctricvcd NO and NOZ are typically different

from NO, based on uncorrected retrievals, - 15% at 20 kni, but sometimes as high as 40% at 16 km. When adjusted for

diffcrcnccs  in solar illumination at times of me.asurcmcnt, corlcctccl A’I’MOS/A’J’l  AS-3 values for NO bctwecm 17 and 20

km are in cxccllcnt agrccmcnt with in situ, IIR-2. nmasurenlct,ts. ‘1’his demonstrates that the remotely sensed n~casureme.nt

of NO is accurate, even at a mixing-ratio level two otdm of mag,nitudc  and 25 km below the peak in the. stratcmphcric

profile.
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I~ig~lre.  l. Kawactal.,  [1990]IlR-2  l~~castlrcl~~ents  (circlcswitll l~e.rl(Jrb  ars)c~fN OVMKl~orll~aliz.e(lt  cJtlIe9O0scJlar

zenith al~glcvalue cotllpared with results ofa  model simulatiotl  (gre.y  Iinc). ‘l’he nmasurenwnts  occurred at 20 km and 39°

N.

l’igurc  2. Retrieved prcrfilcs  for NO and NOZ without cmectirm (NC denoted with open square), with corrections computeci

fr<)ll~yo~lal-n~cat~c  ot~ditiotls (Xctenoted  with open trian@), and with concctions conlputcd from sirrlultancously  measured

conditions (1’C denoted with solid squares) ~lcs precision. “J’hc insets show 2,C; and 1’C values relative to the. NC values with

d{~ttcd ]illcsre~>resetltit~  glo N~n~easurcl}lcr~  tLltlc.ertairllies. l'al~e]2(a)s }low`st ilcslll~se.tOl ~>rc~filc w’iti]sig,tlificatlt corrcctiorlsof

200% and 350% at 22 km and 15 ktn, respective.ly. Panel 2(b) shows the sunrise 09 profile insicle the S11 polar vorlex. Panel 2(c)

shows PC, Y.c, ancl NC profiles for NOZ in occultation SR09. Note d~at these corrections are in the direction opposite to the NO

correct ions.

Figure  3. Comparison of A1’MOS/Al’l .AS-3 NO nwasurcments  with results of the NC)-NOY  NOAA instrument cm

board the 111<-2.  during AS11OIYMA1{SA (clive 2) on November 4, 1994. Both SS01 and SS24 have been diurnally cor-

re.cte.cl as described in the text and scaled to the }\R-2 solar m.tiith angle of 72°. }irror bars on A’1’MOS  NO ancl NzO reflect

estimates of the 1-o measurement precision. Uncollected (NC) profiles appear as open symbols.
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liigurc  2. Retrieved profiles for NO and NOZ without correction (NC clcrmtc.cl  with crpcn squares), with corrections computed

from mnal-mean conditions (7C deno[cd with open trianplcs),  and wit}] corlecti~ns  con~pllte~ fr~n~ sin~~lltancouslY  n~easured

conditions (PC dcmtcd with solid squares) f 1 cr precision. ‘1’hc insets show 7,C and 1’(: values relative to the NC values with

dotted lines representing 10 NC mcasurcmcnt uncertainties. Pmcl 2(a) shows the sunset 01 profile with significant corrections of

200% and 350% at 22 km and 15 kn],  rcspcctivcly.  Panel ?(b) shows the sunrise 09  profile. inside the SH polar VOIWX. I%ncl 2(c)

shows PC, 7,C, ancl NW profiles for NC)2 in occultation SR09. Note that these corrections are in the direction opposite to the NO

corrections.
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Figure 3. Comparison of A’I’MOS/Al’] ,AS-3  NO lncawrlen~ctlts with results of the NO-NOY NOAA instrunwnt  on

board the IR-2 during ASH  OIYMA1lSA  (dive 2) on November  4, 1994. Both SS01 ancl SS24 have been diurnally cor-

rected as described in the text and scalccl to the lIX-2  solar zenith angle of 72°. Error bars on A1’MOS  NO and N20 reflect

estimates of lhe 1 -CS rwasurement  precision. Uncorrccte.d  (NC) profiles appear as open symbols.
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